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E-mail address: afm@uky.eduSuperoxide dismutases (SODs) catalyze the de toxiﬁcation of superoxide. SODs therefore acquired
great importance as O2 became prevalent following the evolution of oxygenic photosynthesis. Thus
the three forms of SOD provide intriguing insights into the evolution of the organisms and organ-
elles that carry them today. Although ancient organisms employed Fe-dependent SODs, oxidation
of the environment made Fe less bio-available, and more dangerous. Indeed, modern lineages make
greater use of homologous Mn-dependent SODs. Our studies on the Fe-substituted MnSOD of Esch-
erichia coli, as well as redox tuning in the FeSOD of E. coli shed light on how evolution accommo-
dated differences between Fe and Mn that would affect SOD performance, in SOD proteins whose
activity is speciﬁc to one or other metal ion.
 2011 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Superoxide dismutases, or SODs, are enzymes that play a piv-
otal role in metabolizing O2 , preempting oxidizing chain reac-
tions that cause extensive damage, and forestalling formation of
a cascade of deleterious reactive oxygen species (ROS) including
hydrogen peroxide (H2O2), hypochlorite (OCl), peroxynitrate
(ONO2) and hydroxyl radical (HO). Aerobic metabolism makes
some 18 times more energy available per glucose than does glycol-
ysis, making possible large and complex organisms. Thus, ability to
employ O2 constitutes a decisive evolutionary advantage. Yet even
now, equipped as we are with multiple SODs and numerous sup-
porting antioxidant systems, it is inexorable damage due to ROS
that eventually limits our lives.
Ability to survive O2 is such a stringent selection criterion that
very few organisms lacking SOD survived the transition from
reducing to oxidizing environment brought about by the evolution
of oxygenic photosynthesis some 2.4 billion years ago [1]. The evo-
lutionary pressure to develop protection against superoxide was
sufﬁciently intense that SODs evolved on at least three separate
occasions. One of these was sufﬁciently ancient and important that
this enzyme is found in all kingdoms of life, indicating that it
evolved even before differentiation of eubacteria from archaea.
Thus, the enzyme that keeps us young has been a spectator to
much of the evolution of life.chemical Societies. Published by EThe most primitive versions of SOD employ Fe, consistent with
the prevalence of Fe and its ready availability in the reducing envi-
ronment in which life is believed to have begun. However more
modern organisms employ a version of this enzyme that requires
Mn for activity, consistent with diminished bioavailability of Fe
and increased Fe toxicity as O2 levels rose. Thus, changes in the
inorganic chemical makeup of the environment appear to have dri-
ven evolution of SOD. In what follows, I discuss chemical chal-
lenges inherent in the transition between catalysis based on Fe
and catalysis based on Mn. I then review what has been learned
about the occurrence and phylogeny of modern SODs. A growing
wealth of such information is beginning to reveal the paths by
which we have acquired and inherited the SODs we have today,
from diverse ancestors.
2. Three distinct families of SODs
The name SOD denotes not one, but three unrelated enzymes.
All three earned the name by virtue of ability to convert two mol-
ecules of superoxide to one each of dioxygen and hydrogen perox-
ide, with consumption of two equivalents of H+.
One family of SODs employs a Ni ion to mediate the chemistry,
another uses a Cu ion complexed with a Zn to do the same. The
third family encompasses enzymes that use a Mn or an Fe as well
as enzymes that can use either.1 The different families of SODs differ
not only with regard to the metal ion that supports activity, but alsolsevier B.V. All rights reserved.
1 We refer to enzymes active only with Mn bound as MnSODs, SODs requiring
bound Fe for activity as FeSOD and SODs active with either Fe or Mn as Mn/FeSODs.
Fig. 1. Comparison of the ribbon structures that characterize the three families of SOD. In FeSOD and Cu,ZnSOD one monomer is coloured, for NiSOD two monomers are
coloured. Each structure in the second row displays the view obtained by rotating the structure above by approximately 90 around a horizontal axis in the plane of the page,
tipping what was the top of the ﬁgure in the upper row towards the back. The NiSODs are homohexamers of four-helix bundles of total molecular weight  80 kDa [7]. Each
four-helix bundle binds a Ni ion (green sphere) at the N-terminus. However each Ni site also derives supporting hydrogen bonds from residues from the neighboring four-
helix bundle in a reciprocal arrangement, so two four-helix bundles are colored and the other four are shown in greys. The Cu,ZnSODs are generally 32 kDa homodimers (or
dimers of dimers), where each monomer is a ﬂattened eight-strand beta barrel. The Cu and Zn ions (gold and silver spheres, respectively) are bound on the outside of the
barrel by two loops, including a short helix. The Fe or MnSODs are 45 kDa homodimers (or dimers thereof) where each monomer includes an alpha-helical N-terminal domain
and a C-terminal domain comprised of a three-stranded beta sheet surrounded by alpha helices. The Mn or Fe ion (red sphere) is bound between the two domains by two
amino acids from each and a solvent molecule (orange sphere). Cartoons were made using Pymol [8] and the coordinates 1Q0D.pdb for NiSOD [3], 1HL5.pdb chains F and M
[7,9] for Cu,ZnSOD, and 1ISB.pdb for FeSOD [10,11].
2 This Gln is replaced by a His in Mycobacterium tuberculosis and its relatives.
3 The active site pK of Fe3+(Mn)SOD is considerably lower than that of Fe3+SOD.
Therefore the structure of Fe-substituted MnSOD (Fe(Mn)SOD) reveals a second
coordinated OH- in one active site that is absent from the structure of FeSOD [12].
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standing the mechanism of Ni-SODs has been described by [2,3],
and ongoing advances in understanding the biological signiﬁcance
of Cu,Zn SODs are summarized in [4] while the mechanism is re-
viewed in [5,6]. The current review will concentrate initially on
the Fe- and/or Mn-utilizing SODs and then place them in the context
of the occurrence and possible evolution of all three SODs.
3. New SODs from old: differences required for Mn-based SOD
activity vs. Fe-based activity
Diverse primitive organisms employ FeSOD, yet it is apparently
absent from animals and fungi, and present in plants only in the
chloroplasts. This suggests that ancient versions of this enzyme
used Fe but that there was a switch to the use of Mn that occurred
concurrent with evolution of eukaryotes. The switch could have oc-
curred in response to diminished bioavailability of Fe once the
atmosphere became oxidizing and Fe’s tendency to engage in Fen-
ton chemistry with superoxide, especially under conditions of oxi-
dative stress. However the cost of Fe acquisition continues to be
borne for production of hemes and numerous FexSx and Fe-contain-
ing enzymes. A second factor will be that for many Fe-dependent
systems, the chemistry in question simply does not lend itself to
Mn-mediated catalysis. Another factor was likely the ease with
which evolution could execute a transition from Fe-based activity
to activity based on Mn, without ‘interruption of service’. Most
simply, for evolution to be able to effect change, the enzyme
should possess a selectable amount of the destination activity to
serve as the raw material for the action of evolution. SOD meets
both criteria, as witnessed by bacterial and archaeal SODs that
can function with either Fe or Mn. Indeed, these ‘cambialistic’ SODs
are often found in anaerobic organisms that are relatively primi-
tive. Thus modern FeSODs and MnSODs could have evolved from
a common ancestor via SODs able to use either metal.In order to learn what distinctions might be involved in opti-
mizing Mn-dependent as opposed to Fe-dependent SOD activity,
we compared the MnSOD and FeSOD of Escherichia coli. As for FeS-
ODs and MnSODs in general, those of E. coli share a conserved pro-
tein fold and a dimer interface that involves active site residues as
well as the funnel by which substrate gains access to the catalytic
metal ion (Fig. 2A). Both are dimers; they share 43% amino acid
identity including the three His and one Asp that bind the metal
ion in all Fe- and MnSODs, in addition to the conserved Tyr and a
nearby Gln2 (Fig. 2B). In both, the Fe or Mn ion also binds to a sol-
vent molecule that in turn engages in hydrogen bonds (H-bonds)
with the second sphere Gln. Thus, comparison of the two active sites
does not suggest an obvious explanation for the different metal ion
dependencies of activity. Moreover both sites are able to bind either
metal ion in similar coordination geometries3 [12] with similar elec-
tronic structures [13–15].
The very similar sites provide a conserved context in which to
identify differences that could enable one protein to support Mn-
based activity while the other supports only activity based on Fe.
Fe and Mn have similar ionic radii and ligand preferences, and both
cycle between their 2+ and 3+ oxidation states in the course of SOD
turnover. However the oxidation states with the same charge cor-
respond to different d-electron conﬁgurations for Mn and Fe, and
this has consequences for both the ease with which the 3+ ions
can be reduced to the 2+ state, and the tendency of each to coordi-
nate a sixth ligand. Thus, the different metal ions possess different
natural tendencies that may require different modulation and
complementation on the part of the protein.
Fig. 2. (A) Overlay of the backbones of FeSOD (orange) and Fe-substituted MnSOD (Fe(Mn)SOD), magenta) and B: detail of the active sites of the overlain proteins. Only one
monomer is shown. Figure was made using Pymol [8] and the coordinates 1ISB.pdb and 1MMM.pdb respectively [10,12]. The amino acid numbering of E. coli FeSOD and
MnSOD are used throughout.
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different SOD proteins
Fe- and MnSODs alternate between the 2+ and the 3+ state of
the metal ion in the course of disproportionating superoxide. In
the equations that follow, M indicates the metal ion and the pro-
tonation state of the coordinated solvent molecule is also indi-
cated, immediately following the metal ion.
O2 þHþ þ SOD M3þ  OH ! O2 þ SOD M2þ  OH2 ð1aÞ
O2 þHþ þ SOD M2þ  OH2 ! H2O2 þþSOD M3þ  OH ð1bÞ
In the ﬁrst half reaction (1a), reduction of Mn3+ involves conver-
sion of a metal ion with 4 d-electrons to a 5 d-electron system, but
reduction of Fe3+ corresponds to accommodation of a sixth d-elec-
tron. A ﬁfth electron is readily accommodated by an empty d-orbi-
tal4 whereas the sixth electron has to share a d-orbital with one of
the pre-existing d-electrons. Thus, reduction of Mn3+ to Mn2+ is
much more favourable than reduction of Fe3+ to Fe2+. The energetics
of reduction are embodied by the reduction midpoint potential
Em = DG/nF, where F is Faraday’s constant (Coulombs per mole
of electrons) and n is the number of electrons being transferred
(=1 here). Thus, just as a large pKa is indicative of a base that readily
acquires a proton, a positive Em signiﬁes a site that readily acquires
an electron and is a good oxidant. Sites with negative Ems tend to do-
nate electrons and act as reductants (just as compounds with low
pKas release a proton). The greater intrinsic afﬁnity of Mn3+ for an
electron yields Ems that are 300 to 700 mV higher than those of
Fe3+ for analogous simple complexes5 [16,17].
The higher Em of high-spin Mn3+/Mn2+ explains its lower Fenton
reactivity than Fe and makes it a safer metal ion for use under con-
ditions of oxidative stress. However a high Em also makes it inefﬁ-
cient in SOD activity. The ideal Em for a SOD would be half-way
between the Ems of SOD’s two half-reactions, near 360 mV vs. the
normal hydrogen electrode (NHE) [18]. A metal site with too low
an Em will be able to reduce superoxide (Eq. (1b)) but will not be
able to extract an electron from superoxide (Eq. (1a)). A site with
too high an Em will be able to oxidize superoxide (Eq. (1a)), but will
not be able to pass the gained electron on to a second molecule of
superoxide (Eq. (1b)). Both types of site can consume superoxide
but only stoichiometrically, unless they are regenerated by other
electron transport systems. Yet part of the elegance and biochem-
ical economy of SODs is their independence from any electron do-4 In both FeSOD and MnSOD, Fe and Mn are high-spin in both oxidation states.
5 When the Em is higher by 300 mV, reduction is more favourable by  30 kJ/mol or
7 kcal/mol.nor or acceptor. This allows them to function as stand-alone
antioxidant defenses and also to consume two equivalents of
superoxide per turnover.
The Em of hexaaquo Fe is 770 mV, between the Ems of the two
SOD reactions, but much higher than the midpoint, so the (Fe)SOD
protein should depress Fe’s Em by some 400 mV for optimal theo-
retical SOD activity (Fig. 3). This is likely accomplished to a signif-
icant extent by the use of a negatively charged Asp ligand.
However hexaaquo Mn’s Em is much higher (1510 mV), so I pro-
posed that for optimal performance, a Mn-speciﬁc SOD protein
would have to depress the metal ion’s Em signiﬁcantly more than
would an Fe-speciﬁc SOD protein (Fig. 3). Indeed, I proposed thatFig. 3. cartoon of redox tuning of the Fe3+/2+ and Mn3+/2+ ions by the (Fe)SOD and
(Mn)SOD proteins (the proteins of FeSOD and MnSOD, respectively).
Scheme 1. Proton-coupled reduction of the metal ion of SODs, where M stands for
Fe or Mn, and the Gln H-bonding to the coordinated solvent is Gln69 of FeSOD or
Gln146 of MnSOD (see Fig. 2B). Details of the coordination are omitted from the
right-hand side for the sake of clarity, since they do not change.
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explain the inactivity of Fe-substituted MnSOD [19,20].
4.1. Ems of metal-substituted SODs
In order to determine whether the (Fe)SOD and (Mn)SOD pro-
teins apply different redox tuning to their bound metal ions, we
compared the Ems of Fe in FeSOD with Fe bound in the (Mn)SOD
protein. We also assessed the Ems of Mn bound in each of the
two proteins [14,20]. (In what follows, ‘(Fe)SOD’ and ‘(Mn)SOD’
stand for the proteins of the FeSOD and MnSOD, respectively,
Mn(Fe)SOD indicates Mn-substitutes FeSOD and Fe(Mn)SOD indi-
cates Fe-substituted MnSOD.)
We conﬁrmed that the reduction midpoint potentials of FeSOD
(100 mV) and MnSOD (300 mV) are both intermediate between
the Ems of SOD’s two half-reactions [20,21]. However we found
that the Em of Fe(Mn)SOD was much lower and that of Mn(Fe)SOD
was much higher. While it is difﬁcult to obtain precise Em values
for the SODs, due to the very slow equilibration of the active site
metal ion with mediators, experiments with redox-active dyes
conﬁrmed that when Fe is bound in the (Mn)SOD protein, its Em
is some 300 mV lower than when it is bound in (Fe)SOD protein
[20]. Thus, FeSOD could be reduced by ascorbate (Em  60 mV)
but Fe(Mn)SOD could not. Fe2+(Mn)SOD could reduce superoxide,
demonstrating that the reduced state could bind substrate and
moreover was competent for both the proton transfer and electron
transfer inherent to reaction 1b [20]. However Fe3+(Mn)SOD lacked
Fe3+SOD’s ability to accept an electron from superoxide despite its
greater-than-WT ability to bind small anions [15]. Moreover this
was true even at lower pH, where competitive inhibition by OH
is attenuated [20]. Thus, it appears that the (Mn)SOD protein de-
presses the Em of Fe much more than does (Fe)SOD (Fig. 3).
We showed that the same holds true for Mn. We found that the
Mn(Fe)SOD was fully reduced as-isolated and very difﬁcult to oxi-
dize (Fig. 3). Although the Mn3+ state could be generated using the
very powerful oxidants KMnO4 and K2IrCl6 , milder oxidants able to
oxidize MnSOD were unable to oxidize Mn(Fe)SOD. We were not
able to execute a titration, but based on the Ems of the oxidants
that failed to oxidize Mn(Fe)SOD, its Em must be >870 mV [14].
Thus we found that for Fe, the (Mn)SOD protein produces an Em
some 300 mV lower than that produced by (Fe)SOD, and for Mn,
the (Mn)SOD protein produces an Em at least 500 mV lower than
that produced by (Fe)SOD. These differences are consistent with
the differences between model Mn3+/2+ and Fe3+/2+ complexes.
Moreover our ﬁndings sufﬁce to explain the inactivity of E. coli
Fe(Mn)SOD and Mn(Fe)SOD [22]. They also predict that SODs that
are active with either Fe or Mn will apply redox tuning intermedi-
ate between the tuning applied by E. coli’s metal-speciﬁc SOD
proteins and that their Fe-versions will have lower Ems than their
Mn-versions. We are testing these predictions.
It has been pointed out that Fe3+(Mn)SOD binds a second OH
more tightly than does Fe3+SOD and that this could be responsible
for the low activity [23,24]. However since Fe3+(Mn)SOD also binds
other small anions much more tightly than does Fe3+SOD [15,24], it
remains unknown whether its afﬁnity for substrate will also be
elevated. Competitive inhibition by OH does not depend only on
the afﬁnity for OH, but on the relative afﬁnity for OH vs. sub-
strate, which is not known. Moreover the restoration of a small
amount of activity at lower pH is exactly what is expected consid-
ering that reduction of FeSOD is accompanied by protonation of the
coordinated solvent [25] (Scheme 1), because the Em of a proton-
coupled-reduction will increase by 60 mV for each pH unit
decrease in pH. Thus lower pH would raise Fe(Mn)SOD’s low Em
towards a catalytically competent value. Thus, while the redox
tuning is related to proton transfer, H-bonding and likely substrate
binding as well, and these features will surely all contribute to therate of turnover, the Em places a fundamental thermodynamic limit
on what chemistry the enzyme can conduct. The Em measured
for Fe(Mn)SOD is too low for it to serve as an electron acceptor
from superoxide and thus sufﬁces to explain the extremely low
turnover rate of Fe(Mn)SOD at neutral pH [20].
Our ﬁndings indicate that in order to optimize SOD’s perfor-
mance with Mn as the catalytic metal ion, evolution would have
had to identify ways of depressing the bound Mn’s Em more than
had been necessary for Fe.
5. A second challenge: different preferences regarding
coordination number
Besides the large difference between the intrinsic Ems of Mn3+/2+
and Fe3+/2+, the different electronic conﬁgurations of these ions in
the corresponding oxidation states are also expected to produce
different ligand-binding preferences. As noted above, Fe3+ is a d5
ion (it has 5 d-electrons) and Fe2+ is not, whereas for Mn this prop-
erty is reversed with Mn2+ being a d5 ion and Mn3+ not. For Fe3+
and Mn2+ with one electron in each d-orbital, there is no orbital
with special priority. Ligand binding affects the metal ion’s d-elec-
trons to similar extents regardless of which orbitals the ligand
interacts with. For a d6 ion, one d-orbital has two electrons and
the complex is more stable overall if this orbital does not interact
with as many or as strong ligands as the other (singly occupied)
orbitals do. Thus, it is beneﬁcial to avoid coordinating a sixth ligand
and retain an empty coordination site where ligand would have
interacted with the doubly-occupied orbital. By contrast a d4 ion
beneﬁts from asymmetry in the opposite way. Because one d-orbi-
tal is empty, strong ligands can bind the metal ion along the axis
deﬁned by the empty dz2 orbital without incurring a large cost to
the stability of the complex. Meanwhile the axes describing the
occupied d-orbitals are populated by less strong or fewer ligands
for maximum stability of the complex [26]. Thus, Mn3+ SOD can
keep its four d-electrons in the four d-orbitals that have the least
contact with the strong OH ligand that deﬁnes the Z axis, and in-
stead populate the orbitals in the X-Y plane deﬁned by the weaker
two His and Asp ligands (1.5 ligands per direction vs. 2 along Z).
This is an example of Jahn-Teller stabilization. d6 Fe2+ beneﬁts from
having only three ligands in the X-Y plane, as it can doubly popu-
late dYZ at lower cost than doubly populating the dz2 which is di-
rected straight at two ligands [26]. Mn2+ or Fe3+ with one
electron in each d orbital cannot exploit an asymmetric ligand
environment and so tend not to favour one: they can accommodate
a sixth ligand and beneﬁt from the electrostatic advantages of
doing so whereas Fe2+ or Mn3+ would sacriﬁce advantages stem-
ming from a less symmetric coordination environment.
Consistent with the above, small anions bind directly to the Fe3+
of Fe3+SOD, but not the Fe2+ of Fe2+SOD [27]. Indeed, NMR spectros-
copy provided the ﬁrst positive evidence for substrate analog bind-
ing to the reduced state of Fe2+SOD, indicating that substrate
analogs (and substrate) bind outside the coordination sphere of
6 Proton transfer is likely also to be coupled to substrate binding and product
release [35]Bull, C. and Fee, J.A. (1985). Steady-State Kinetic Studies of Superoxide
Dismutases: Properties of the Iron Containing Protein from Escherichia coli. J. Am.
Chem. Soc. 107, 3295-3304, [36]Abreu, I.A., Rodriguez, J.A. and Cabelli, D.E. (2005).
Theoretical studies of manganese and iron superoxide dismutases: superoxide
binding and superoxide oxidation. J. Phys. Chem. B 109, 24502-24509, [37]Miller,
A.-F., Yikilmaz, E. and Vathyam, S. (2010). 15N-NMR characterization of His residues
in and around the active site of FeSOD. Biochim. et Biophys. Acta 1804, 275-284,
[38]Maliekal, J. et al. (2002). Comparison and Contrasts between the Active Site pKs of
Mn-Superoxide Dismutase and those of Fe-Superoxide Dismutase. J. Am. Chem. Soc.
124, 15064-15075.
7 We do not count the H-bond between coordinated solvent and the ligand Asp
because this is internal to the metal site.
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pK near 9 of the Fe3+SOD active site corresponds to OH coordinat-
ing to Fe3+ [28]. However for Fe2+SOD we used 13C NMR and 13Cf-
Tyr labelled Fe2+SOD to show that the corresponding active site pK
of Fe2+SOD represents an outer-sphere event: deprotonation of
Tyr34 [29].
In contrast with Fe3+, Mn3+ is a d4 ion and indeed, although
N3 binds to Mn3+SOD, the complex it forms is predominantly out-
er-sphere at room temperature [30]. Thus, the (Mn)SOD protein
provides assistance to substrate analog binding, in the form of an
H-bond from Tyr34 [31]. In accordance with its d5 electronic con-
ﬁguration, Fe3+(Mn)SOD displays considerably higher afﬁnity for
coordinating anions such as N3, F and OH than does Mn3+SOD
and the ions coordinate Fe3+ rather than binding in the outer
sphere as in Mn3+SOD. The fact that Fe3+(Mn)SOD’s afﬁnities for
small anions are also considerably higher than those of Fe3+SOD
suggests that assistance provided by the (Mn)SOD protein is
retained upon Fe-substitution.
In Mn2+SOD, Un and Whittaker have shown that substrate ana-
logs coordinate to Mn2+ consistent with this ion’s d5 conﬁguration,
and in contrast to Mn3+SOD and Fe2+SOD [32,33]. Tabares and Un
showed that Tyr34 favoured coordination of the anion to Mn2+ at
higher temperatures approaching physiological values, whereas
for the Mn3+ state the native Tyr tends to suppress formation of
an inner-sphere complex [24]. This would tend to augment rather
than compensate for the coordination preferences of Mn2+ vs.
Mn3+, however it would have the beneﬁt to the enzyme of favour-
ing dissociation of peroxide formed in reaction 1b by emphasizing
outer-sphere interactions with Mn3+.
Mn2+ should be competent to bind substrate analogs in the in-
ner sphere, however Mn2+(Fe)SOD has much lower inner-sphere
anion binding ability than does Mn2+SOD, since 100 mM N3 or
F did not cause any discernable change in the Mn2+ EPR signal
[14]. The (Fe)SOD protein environment therefore seems to be less
supportive of inner sphere anion binding than the (Mn)SOD active
site, for Mn2+ as for Fe3+.
Thus, we ﬁnd that the electronic conﬁguration of the metal ion
is the dominant factor in the inner-sphere vs. outer-sphere nature
of anion binding, with the d5 state of both metal ions coordinating
substrate analogs directly, although these correspond to different
oxidation states. It does not appear that the (Fe)SOD and (Mn)SOD
proteins compensate for each metal ion’s different preferences.
Rather, the mechanistic feature exerting the strongest selective
pressure may be ability to dissociate from peroxide.
6. How the SOD proteins tune the Em
The too-low Em of Fe(Mn)SOD can explain its inactivity, but in
turn requires an explanation of its own. The differences between
the Ems for metal bound in (Mn)SOD vs. in (Fe)SOD of -300 mV
for Fe and -500 mV for Mn are very large, corresponding to 5 - 8
pH unit changes in the pKa of an acid. However (Fe)SOD is superﬁ-
cially very similar to (Mn)SOD (Fig. 2). Therefore, we proposed that
the different Ems could reﬂect differences in the extent to which
the different active sites favour uptake of the proton that is cou-
pled to metal ion reduction [20,34] (Scheme 1).
Proton-coupled electron transfer is arguably the rule, rather
than the exception, in biochemical redox reactions. Acquisition of
a proton in conjunction with metal ion reduction results in conser-
vation of the same total charge [29,35] and in the case of SOD there
is the additional chemical incentive that two protons are co-sub-
strates in the disproportionation of superoxide. Indeed, reduction
of superoxide to peroxide can occur only in conjunction with or
following protonation, since it is extremely unfavourable to add
an electron to a negatively charged diatomic molecule. SODs are
able to both oxidize and reduce the same substrate preciselybecause they also protonate the substrate in the second of these
two reactions (1b).
The proton taken up in conjunction with metal ion reduction is
understood to be acquired by the coordinated solvent [25] so that
the redox reaction is correctly written M3+OH + e + H+ ?
M2+OH2. Because coordinated OH is a better ligand for Fe3+
(and Mn3+) than for Fe2+ (and Mn2+), I proposed that the active site
of (Mn)SOD might suppress metal ion reduction (and the Em) by
disfavouring protonation of coordinated solvent [20,22,34].6
This model moreover is consistent with phylogenetic analyses,
which ﬁnd that the largest conserved difference between FeSODs
and MnSODs is the origin of the active site Gln (occasionally His)
which provides the only H-bond between the protein matrix and
the coordinated solvent7 [39,40]. In dimeric FeSODs this Gln derives
from an a helix in the N-terminal domain (positon 69 in E. coli)
whereas in MnSODs it derives from a loop between b strands in
the C-terminal domain (position 146 in E. coli) [10,41,42]. Tetrameric
FeSODs employ a residue from the second of these positions but they
use a His instead of a Gln [40]. Similarly, mutational studies have
demonstrated that residues that can tune the position and polariza-
tion of the active site Gln affect the Em of the bound metal ion as well
as the protein’s relative activity with Mn bound vs. Fe bound [34,43].
Thus the largest difference between FeSODs and MnSODs is in fact
the single residue with the largest inﬂuence over the protonation
state of coordinated solvent (Fig. 2B).
We proposed that the lower Ems produced by (Mn)SOD could be
explained by a stronger H-bond donated from Gln to coordinated
OH than in (Fe)SODs, as this would disfavour acquisition of the re-
dox-coupled proton and thus metal ion reduction [13,20]. This was
borne out by 15N NMR direct observation of the H-bonding Gln
Side chain N [34]. We found that the active site Gln of the (Mn)SOD
protein is roughly twice as strongly coupled to Fe2+ as the Gln of
(Fe)SOD, consistent with a considerably stronger hydrogen bond
in the (Mn)SOD protein.
Our model predicts that mutations that stabilize coordinated
OH vs. H2O will lower the Em (and increase the site’s activity with
Mn vs. Fe). To test our proposal, we constructed mutants in which
Gln69 was replaced by either a His or a Glu residue [21]. Whereas
Gln69 of FeSOD is constrained to be an H-bond donor by its teth-
ering H-bond from Trp [10], we postulated that His could be either
a donor or an acceptor, depending on its tautomeric state. In con-
trast, we proposed that Glu would be ionized at neutral pH and act
as an obligate H-bond acceptor. Thus we hypothesized that if
replacement with His weakens H-bond donation to coordinated
solvent then coordinated H2O should no longer be destabilized
and the Em would no longer be actively depressed. Furthermore,
we proposed that if the coordinated solvent were subject to H-
bond acceptance by Glu, favouring coordinated H2O, this would
in turn stabilize the reduced state of the metal ion and raise the
Em in the Q69E mutant.
Our hypotheses were borne out on both counts [21]. The sur-
prise was in the large magnitude of the effect. While the Q69H mu-
tant had an Em some 250 mV above that of WT, the Em of the Q69E
8 Schmidt et al. nonetheless note the presence of a peptide with high homology to
NiSOD’s active site ’nickel hook’ in a Xenopus protein DUF1619.
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enzyme was stable in the Fe2+ state. The direction of the changes
supported H-bonding as the dominant mechanism of redox tuning
over electrostatics, since installation of Glu, with its tendency to
negative charge, should have favoured Fe3+ over Fe2+ and lowered
the Em based on electrostatics.
Crystallography showed that the His69 was not constrained to
donate an H-bond the way Gln69 is in WT [21], moreover in the re-
duced state of Q69H FeSOD, 15N NMR spectroscopy revealed that
H69 is an H-bond acceptor instead of a donor [37]. Thus it appears
that in this mutant, residue 69 is able to adapt to the protonation
state of the coordinated solvent as opposed to imposing on it an
H-bond whose polarity is determined by the rest of the protein
[44].
In the Q69E mutant, a combination of density functional theory
(DFT) calculations and X-ray crystallographic structure determina-
tion at 1.1 Å were used to probe the protonation state and H-bond-
ing of residue 69 [44]. Crystallography showed that the overall
structure of the mutant enzyme was essentially superimposable
on that of theWT and active site atom positions differed by at most
0.5 Å [21]. Although the 1.1 Å crystal structure was reﬁned two
ways, one assuming protonated Glu69 and one assuming ionized
Glu69, both converged on the same positions and distances. Simi-
larly, DFT calculations were performed assuming three different
possible distributions of labile protons among the ionizable active
site residues. All three energy minimizations produced the same
result: ionized Glu69 accepting H-bonds from Tyr34 and coordi-
nated solvent in an arrangement with some sharing among all
three residues [44]. The distances obtained from the four crystallo-
graphically independent active sites agreed very well with the dis-
tances obtained from DFT where the protonation states are known.
Thus, although our crystal structure was not able resolve H-bond-
ing H atoms in the active site, by reference to the DFT we could
conclude that in reduced Q69E-FeSOD, ionized Glu69 accepts an
H-bond from coordinated solvent. Moreover the H-bond is shorter
than in WT FeSOD and therefore likely stronger [44]. Indeed the
Q69E Fe2+SOD is more stable that WT, indicating that this mutation
releases strain in the active site. Thus the reduced state is more
stable.
It also appears that the oxidized state of Q69E-FeSOD is less sta-
ble in the WT-like conformation, as it is isolated with a sixth ligand
bound, most likely OH [44]. The implication is that in the oxidized
state Glu69 is neutral, in a GluH + OH <=> Glu H2O equilibrium
stabilized in the former form by OH‘s ability to coordinate Fe3+.
Thus we infer that Glu69 changes from being protonated in oxi-
dized Q69E-FeSOD to ionized in the reduced state [44]. Since the
MCD and NMR spectra reveal WT-like coordination and electronic
state for Fe in both oxidation states [45], we infer that coordinated
solvent still acquires a proton upon reduction of Fe, but consider-
ing that a proton is lost from Glu, the net reaction is transfer of a
proton from Glu to coordinated solvent. This will be much less
energetically costly than the WT mechanism in which the proton
must be acquired from water. Thus, the greatly increased Em of
Q69E-FeSOD can be explained by the combination of loss of im-
posed H-bond donation to coordinated H2O in the reduced state,
gain of a very favourable H-bond acceptance from coordinated sol-
vent instead in the reduced state, and a subtle but important
mechanistic change affecting the origin of the proton gained by
coordinated solvent [44]. Together, these three contributions are
able to explain the surprisingly large increase in the Em of Q69E-
FeSOD, and the combination of the Q69H- and Q69E-FeSOD mu-
tants demonstrates that manipulation of the energies associated
with protons whose movements are coupled to electron transfer
can indeed alter the Em by several hundreds of mV [22].
Thus we have demonstrated that the position and identity of
the residue that H-bonds to the coordinating solvent molecule iscritical: we showed that the strength and polarity of the H-bond
to coordinated solvent exerts a very strong effect on the Em of
the metal ion, which in turn is directly reﬂected in catalytic
activity. The stronger hydrogen bond donation we observed in
(Mn)SOD can account for the lowered Ems produced by (Mn)SOD,
and in turn provide a mechanism by which evolution could have
optimized the SOD protein for function with Mn with relatively
minor perturbations to the structure, and none to the residues
directly responsible for binding the metal ion. Our chemical
mechanism explains the conservation across species and even
phyla of different placements of the active site Gln (His) in FeS-
ODs vs. MnSODs [40].
7. Occurrences of SOD
SODs are found in all the kingdoms of life (Fig. 4). The occur-
rences of the different SODs, as well as homologies and phyloge-
netic trees provide evidence as to the evolutionary histories of
the different SODs.
7.1. NiSODs
NiSOD was ﬁrst discovered in Streptomyces [49]. Genes with
strong homology to NiSOD have been identiﬁed in the genomes
of additional genus’ in actinobacteria [50] and NiSOD has been
identiﬁed in cyanobacteria [51]. Schmidt et al. found putative Ni-
SOD genes in other families of bacteria and even a potential NiSOD
fusion gene in the eukaryotic green algae Ostreococcus tauri, the
smallest free-living eukaryote known. Nonetheless, they found no
evidence for NiSODs in gram-positive bacteria, archaea or eukary-
otes other than the aforementioned green alga [50].8
Because NiSOD is restricted to relatively few groups, it appears
to have evolved after differentiation of eukaryotes and substantial
diversiﬁcation among bacteria. Because NiSOD’s active site derives
mainly from nine N-terminal amino acids that are not integral to
the secondary or tertiary structure [3,7], the Ni binding site might
have been a later addition to a pre-existing four-helix bundle
protein (Fig. 1).
7.2. Cu,ZnSOD
Many Gram-negative bacterial pathogens possess periplasmic
Cu,ZnSODs. The bacterial Cu,ZnSODs retain the same monomer
structure as is found in eukaryotes, but different association be-
tween monomers. For example E. coli’s Cu,ZnSOD appears to be
monomeric [52,53] and Salmonella enterica has two genes for
Cu,ZnSOD, one of which yields a dimeric Cu,ZnSOD while the other
yields a monomeric Cu,ZnSOD [54].
14 of 15 archaeal genomes screened lacked a Cu,ZnSOD homo-
logue with over 20% homology to human Cu,ZnSOD, but Banci et al.
identiﬁed a gene with 32% identity to that of human Cu,ZnSOD in
Methanosarcina [55]. Unfortunately, catalytic activity was not
tested.
So far, protists appear to lack Cu,ZnSOD [56]. This is fascinating
if true, since plants, animals and fungi all possess Cu,ZnSOD. The
other eukaryotes’ Cu,ZnSOD could have been obtained by gene
transfer from the endosymbiont that gave rise to mitochondria.
However since many endosymbiont genes were lost in the course
of gene redistribution to the nucleus, and some protists even lost
mitochondria, the ancestor of protists could have lost more genes
than other eukaryotes did and this could explain protists’ lack of
a Cu,ZnSOD.
Fig. 4. Distribution of SODs in cells and branches of life. Different colours indicate the different SODs: orange for FeSOD, magenta for MnSOD, blue for Cu,ZnSOD and green for
NiSOD. Quaternary states of SODs are indicated in the cell cartoon but not in the tree. This cartoon summarizes general features only, for details please see the text and Refs.
[46–48]. There is an older report of CuSOD in the nucleus.
A.-F. Miller / FEBS Letters 586 (2012) 585–595 591Yeast Cu,ZnSOD has been found not only in the cytoplasm, but
also in the mitochondrial intermembrane space [57]. Indeed,
sequencing of the Candida genome revealed two genes for Cu,Zn-
SOD (reviewed by [58]).
Plants contain Cu,ZnSOD in the cytosol and in the chloroplast.
There may moreover be multiple Cu,ZnSODs expressed from sev-
eral different genes [59]. Plant Cu,ZnSODs are a highly homologous
group but there are a few features that distinguish cytosolic from
chloroplastic Cu,Zn-SODs, including the numbers and positions of
introns. A notable exception is the (presumed) cytoplasmic
Cu,ZnSOD of the liverwort (Marchantia paleacea) which more clo-
sely resembles chloroplast Cu,ZnSODs. This Cu,ZnSOD has been
proposed to resemble the last common ancestor of plant cytoplas-
mic and chloroplast Cu,ZnSODs [59]. Cu,ZnSOD has also been found
in plant peroxisomes [60].
Animal cells possess dimeric Cu,ZnSOD in the cytoplasm [61],
and also export a tetrameric glycosylated Cu,ZnSOD [62], each
based on a separate gene. The extracellular Cu,ZnSODs of
Schistosoma improve the parasites’ ability to survive the oxidant
attacks of phagocytes [63]. Cytoplasmic Cu,ZnSOD has also been
found in the nucleus [64], the intermembrane space of mitochon-
dria [57,65] and peroxisomes [66,67]. However since the precise
intracellular location of Cu,ZnSOD is responsive to the metabolic
state of cells and tissues [68] the situation is complicated and
our knowledge is incomplete. Analysis of the genes for Cu,ZnSODs
indicates that the intracellular and extracellular Cu,ZnSODs should
collectively be regarded as distinct from the bacterial Cu,ZnSODs
[69]. The extracellular SODs frommammals appear to be more clo-
sely related to fungal Cu,ZnSODs [59], raising the possibility that
the extracellular version is the more ancient one.
Cu,ZnSOD’s distribution among organelles must be interpreted
with caution, as this SOD has been found in the genomes of several
viruses where it could be attributed to gene transfer from a host[59,70]. Given the relative portability of this gene, it is possible that
it has been transferred from bacteria to eukaryotes independently
of endosymbiotic events [47]. Virus-mediated gene transfer could
also explain the presence of a Cu,ZnSOD gene in just one species
of archaeon (so far) [47,55], and would be consistent with this
gene’s occasional lack of amino acid residues that are normally
responsible for metal ion binding, and thus critical for catalytic
activity [55]. Fink and Scandalios suggest that plant chloroplast
and cytosolic Cu,ZnSODs evolved from a common ancestor [59].
The fact that Cu,ZnSOD is absent from protists as well as from such
primitive plants as Chlamydomonas and moss [48] raises the ques-
tion of how it was acquired by higher eukaryotes. The large differ-
ences between eukaryotic and bacterial Cu,ZnSODs do not suggest
an obvious link between the two.
7.3. Fe-, Mn- and Fe/MnSODs
MnSODs and FeSOD are so similar that they are generally ac-
cepted to have arisen from a common ancestor [47,59] (see
Fig. 4). Since then, FeSODs and MnSODs have signiﬁcantly diverged
from one another, as their amino acid sequences cluster in two
separate groups in phylogenetic trees [47,59]. Thus the presence
of FeSOD and MnSOD in different organelles and in different clas-
ses of organisms provides a fascinating perspective on the evolu-
tion of life [47].
7.3.1. Prokaryotes
FeSOD is found in both aerobic and anaerobic bacteria [71]. It is
also found in oxygenic as well as anoxygenic photosynthetic bacte-
ria [72,73]. Pathogens such as Helicobacter pylorii have FeSOD,
which may contribute to their ability to survive host defenses [74].
MnSOD is found in aerobic bacteria and its transcription is up-
regulated upon exposure to oxygen, suggesting that it represents a
11
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containing membrane-bound manganese superoxide dismutases
(MnSOD) [76].
Some archaea such as Aeropyrum pernix and Pyrobaculum calid-
ifontis possess Mn/FeSODs that are active with either metal ion but
tend to emphasize Mn incorporation more under aerobic condi-
tions and Fe under anaerobic conditions [75,77]. The aerobic archa-
eon Sulfolobus solfataricus and facultative aerobe Acidianus
ambivalens produce SODs that are FeSODs [78,79]). Even strictly
anaerobic methanogens have been found to have SODs. Methanob-
acter bryantti and M. thermoautotrophicum have tetrameric FeSODs
whose amino acid sequence and susceptibility to inhibition bears
stronger similarity to the MnSODs’ than the bacterial FeSODs
[80,81].
The SODs of aerobic halophyles are MnSODs [53,82] which have
greater resemblance to the MnSODs of mitochondria than the
MnSODs of bacteria [59].
7.3.2. Eukaryotes
FeSOD has been found in protists ranging from the amitochond-
riate Entamoeba histolica [83], trypanosomes [56], plasmodia [84]
and Perkinsus marinus [85], and has been shown to provide these
parasites with protection against oxidative stress unleashed by
macrophages or produced by many anti-malarial and anti-trypan-
osomal drugs [56]. Some of these FeSODs are cytoplasmic and oth-
ers are mitochondrial, based on work in Plasmodium [86].
MnSOD has been reported tightly bound to the thylakoid mem-
branes of the photosynthetic protist Euglena [87]. This is reminis-
cent of the membrane-bound MnSOD of ﬁlamentous
cyanobacteria.
Numerous fungi have been found to have MnSOD.9 Among
pathogens, mitochondrial MnSOD is important for extended survival
and virulence [88]. Several fungi are reported to have cytosolic
MnSOD. For example, Candida albicans has a dimeric cytoplasmic
MnSOD in addition to the expected tetrameric mitochondrial
MnSOD (reviewed by Fréalle [58]).
Plants have long been known to have FeSODs in their chloro-
plasts [89]. Recently however FeSOD has also been found in the
cytoplasm of cowpea [90]. Some plants have several FeSOD genes
[48]. In L. japonicus, one FeSOD is localized to the chloroplast
whereas the other appears to be cytoplasmic [91]. FeSOD in the
chloroplast may associate with the plastid nucleoid and participate
in signalling or gene regulation [48].
Plants have MnSOD in their mitochondria, as expected. It was
also reported to be in chloroplasts of the unicellular alga
Chlamydomonas, but not in those of higher plants. Again, there
may be several genes, possibly to provide different SODs for differ-
ent sub-compartments of the mitochondrion. Plant MnSOD is also
found in peroxisomes, where its levels are regulated independently
of the levels of mitochondrial MnSOD [92]. Plant MnSODs share
some 70% homology, and are more distantly related to plant
FeSODs, suggesting separate evolutionary origins.
In general, animals possess MnSOD in their mitochondria10
(Crustaceans that employ Cu heavily for oxygen transport lack cyto-
plasmic Cu,ZnSOD and have a cytoplasmic MnSOD, in addition to the
expected mitochondrial MnSOD [93]). Mitochondrial MnSOD serves
complementary roles to those played by cytosolic and extracellular
Cu,ZnSOD, and accordingly, is regulated differently. In animals,
MnSOD is localized where it can metabolize superoxide produced
as a byproduct of respiratory electron transfer. This can be viewed
as a chronic problem, in contrast to bursts of reactive oxygen species
(ROS) produced by macrophages or elevated levels of ROS associated9 A FeSOD has not yet been identiﬁed in a fungus, to my knowledge.
10 Animals seem to lack FeSOD.with changes in peroxisome activity. However regulation of mito-
chondrial SOD activity has emerged as a very important aspect of
regulation of the levels of redox signalling molecules such as hydro-
gen peroxide (H2O2, a product of SOD activity) and nitric oxide (NO,
which is consumed by superoxide) [94,95]. For example, elevated
MnSOD levels have been related to the aggressiveness of some can-
cers [96,97]. This is an exciting and rapidly developing area, which is
unfortunately beyond the scope of this review.
8. Insights into evolution of eukaryotes, based on the
distribution of Fe and Mn SOD’s
Because Fe and/or MnSODs can be found throughout all king-
doms of life, they can tell us about even very early events in its
evolution. Indeed, several valuable analyses of SOD phylogenies
have appeared recently [47,59].
The FeSODs and MnSODs are understood to have arisen from
a common ancestor very early in the history of life, since they
are represented in both eubacteria and archaea. Mn/FeSODs
and FeSODs appear the more primitive based on their prevalence
in more primitive prokaryotes and primitive eukaryotes (Fig. 4),
as well as the lower extent of regulation associated with their
expression, compared to that of the MnSOD gene. Features spe-
ciﬁcally associated with Mn-based activity are common to bacte-
rial and archaeal MnSODs suggesting optimization of Mn use
prior to divergence of these kingdoms.11 However Fe use is asso-
ciated with quite different amino acid signatures in dimeric vs. tet-
rameric FeSODs suggesting more time for divergence within this
group, and/or possibly a return to use of Fe from among a Mn-uti-
lizing tetrameric lineage.
It is now accepted that all modern mitochondria stem from
endosymbiotic assimilation of a species of a-proteobacteria, which
contributed many genes for energy metabolism and heterotrophy
to the host genome [98]. Even amitochondriate eukaryotes
(protists) appear to be descended from an ancestor that once
possessed a mitochondrion. Nonetheless, the MnSOD of mitochon-
dria does not appear to be of bacterial origin.
The host organism that ﬁrst acquired mitochondria appears to
have been of archaeal origin based on strong homologies between
eukaryotic and archaeal transcriptional and translational machin-
ery (reviewed by Martin [98]). It seems simplest to propose that
a cytoskeleton evolved ﬁrst [98]. Once phagocytosis was possible,
the tremendous possibilities for accelerated acquisition of advan-
tageous traits via mergers and acquisitions would have immedi-
ately favoured the ﬁrst organisms able to assimilate bacteria
[99]. Given the metabolic revolution precipitated by the transfer
of entire constellations of genes from the endosymbiont to the host
genome, it is not difﬁcult to imagine that a burst of diversiﬁcation
would follow, allowing rapid divergence and development of the
different branches of eukaryotes [100], and also eclipsing the
chances of any other branches of primitive life to compete and con-
fer similar status on their progeny to that acquired by eukaryotes.
In summary it seems reasonable to consider that acquisition of
mitochondria was very closely related to and even possibly insep-
arable from the evolution of eukaryotes, requiring only the possi-
bility of phagocytosis as a prerequisite [98,100].
Homology among SOD sequences adds to this picture that the
MnSODs of modern eukaryotes’ mitochondria appears to be de-
rived from an archaeal MnSOD. Speciﬁcally, BLASTp homology
searches based on MnSOD from halobacterium identify mitochon-It is difﬁcult to make ﬁrm conclusions because many SODs are identiﬁed as Fe- or
Mn- speciﬁc based on their amino acid sequences rather than measurements of the
activity of Fe and Mn forms, creating a risk of circular logic. In addition, speciﬁcity is
often not absolute, with many prokaryotic SODs showing some amount of activity
with each metal ion, even if one metal ion performs better than the other.
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However they are more distantly related to bacterial SODs. In con-
trast, MnSODs from a-proteobacteria display much higher homol-
ogy with SODs of other bacteria and not with eukaryotic
mitochondrial SODs or SODs from archaea. Thus the sequence
homologies of MnSODs suggest that -1- the host of the endosym-
biosis was of achaeal lineage, -2- the host’s MnSOD gene was re-
tained and augmented with a presequence to produce a
mitochondrial targeting peptide, yielding modern mitochondrial
MnSOD whereas -3- endosymbiont MnSOD and FeSOD genes ap-
pear to have been lost from animals and fungi. Many other genes
were lost from the endosymbiont’s genome, so loss of the SOD
genes would not be remarkable. Proposal 1 reiterates conclusions
from much more extensive works [99]. However proposal 2 sug-
gests two-way trafﬁc in that mitochondria acquired a protein of
host origin, though not the gene.
Protists appear to be an exception to the above in that they
lack a MnSOD but possess a FeSOD instead. Phylogenetic analysis
does not support its acquisition from an a-proteobacterial endo-
symbiont that became the mitochondria. The protist mitochon-
drial FeSODA and FeSODC seem more closely related to
e-proteobacteria instead, and appear to stem from a different
gene acquisition event than the one in which the cytoplasmic
FeSODBs were obtained [101]. More information is needed to set-
tle this question.
Regarding chloroplasts, plant FeSODs were found to be more
closely related to cyanobacterial FeSODs than to those of Archaea
[47]. Thus, modern plant chloroplasts are believed to have retained
a SOD of endosymbiotic origin12 [47,48,59]. It may be beneﬁcial for
chloroplasts to employ a SOD that does not require Mn, since photo-
system II requires Mn for function. Thus, use of a FeSOD may beneﬁt
chloroplasts by avoiding competition for the same resource between
two valuable enzymes.
In summary, the path by which we inherited Cu,ZnSOD is still a
mystery, but MnSODs appear to have been inherited by eukaryotes
from an archaeal ancestor whereas the FeSODs of protists may be
derived from lateral gene transfer and the FeSODs of chloroplasts
are likely of cyanobacterial origin.
Archaeal SODs frequently display activity with either Mn or Fe
and could represent intermediates between FeSODs that preceded
them and the MnSODs of modern mitochondria. It is interesting to
note therefore that archaeal SODs such as that of Pyrobaculum lack
the Gln at position 69 that is typical of bacterial FeSODs but pro-
vide an H-bonding partner for coordinated solvent from position
146 (based on multiple sequence alignment). Our work indicates
that this would produce a much lower Em [14,47]. However the
side chain provided by position 146 is a His instead of a Gln, and
our work suggests that this would result in a raised Em which
would therefore mitigate the effect of the placement at position
146 and produce an intermediate Em [20]. This would be consistent
with this archaeal SOD’s ability to utilize either metal ion as a basis
for SOD activity [21], potentially providing an evolutionary bridge
to Mn use. Mutation of the His to Gln would have produced the
fully depressed Em and favoured Mn use to the point that Fe was
no longer active.
Thus the different kinds of SOD provide complementary win-
dows on the evolution of metalloenzymes. Old as they are, the
superoxide dismutases are sure to yield more surprises, answers
and questions.12 The FeSOD gene has apparently been lost from the chloroplasts of some types of
algae [59]Fink, R.C. and Scandalios, J.G. (2002). Molecular evolution and structure-
function relationships of the superoxide dismutase gene families in angiosperms and
their relationship to other eukaryotic and prokaryotic superoxide dismutases. Arch.
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